The need for imaging constellations that augment or reconstitute a current capability is a key objective that Operationally Responsive Space (ORS) has identified. These capabilities are usually focused on supporting a specific theatre as opposed to providing global coverage or some semblance thereof. However, military needs and theatres can rapidly change so it is necessary to understand how a constellation initially planned for one theatre can support a set of geographically dispersed theaters. This paper analyzes four different potential theatres and different constellations of Low Earth Orbit (LEO) spacecraft to understand their ability to not only support a single theatre, but all four of the chosen theatres. An automated, iterative approach to constellation design is presented as well as supporting metrics for a final design selection. 
I. Introduction
Pace systems are an integral part of military capabilities. They are an essential part of US tactical and strategic operations. A key part of that is the reconnaissance information they provide upon which force commanders have become dependent upon for their operations. This dependency makes them a target to attack as well as an asset that is extensively utilized. The timeliness of this information is critical to operations and is sometimes lacking due to the nature of orbital mechanics. . This critical need is driving the development of more "responsive" space assets that address the mission of Operationally Responsive Space (ORS). Responsiveness refers to the time between the development of a need and the subsequent solution that addresses that need. A key tenet of ORS is the ability to augment or reconstitute existing capabilities or to implement a new capability that is complimentary to fielded space assets.
Spacecraft flying in Low Earth Orbit (LEO) can be a significant asset to the United States military and provide the information necessary to make informed decisions on the ground. The orbits of these spacecraft play a key role in their capabilities and thus deserve further attention. In this paper we will discuss how a LEO Repeat Coverage Orbit 1 can be utilized to create a constellation of imaging satellites that provide a maximum response time of 30 minutes for a specified theater. This paper will show how a constellation, designed around a particular theater, performs against other nonoptimal theaters and will highlight the most robust option to address the demands of all theaters listed in this paper. The most robust solution will take into account the weighted performance evaluation criteria.
II. Methodology
The analysis presented in this paper was conducted in an automated manner, with the help of MATLAB and Satellite Tool Kit (STK). By leveraging these software tools, the authors developed an analysis tool capable of automatic orbital scenario iteration, data generation, and analysis. The following sections describe the tool and its capabilities.
A. STK Model Set-Up
There are four theaters selected for analysis in this paper. The targets selected, potential military "hot spots" are located in Iraq, the Darfur Region of Africa, Afghanistan, and North Korea. The latitude and longitude coordinates of these targets are presented in Table 1 . The mission under analysis is assumed to be dedicated to observations of the Earth using electro-optical instruments. Various constellation geometries were iteratively processed in STK for coverage analysis. The constellation variations are discussed in the following section but were limited to circular Walker types for simplicity and to limit the trade space.
A Walker Constellation, or Walker Delta Pattern, contains some given total number of satellites, T, with S satellites evenly distributed in P orbital planes. The name is derived from the person to first extensively study these types of orbits.
2 The orbital planes in Walker patterns have ascending nodes that are evenly distributed around the equator at intervals of 360/P. Each satellite in the orbital plane is uniformly distributed on intervals of 360/S and each orbital plane has the same inclination. This paper will follow the general convention of identifying Walker Delta Patterns in the T/P/F format where T is the total number of satellites in the constellation, P is the number of planes, and F defines the relative phasing in mean anomaly between two satellites in adjacent planes.
B. Automation of STK with MATLAB
The greatest benefit of the analysis tool created for this work is its ability to automate scenario changes and observe the subsequent effect on target access statistics. This is accomplished by allowing the tool to cycle through the following parameters:
• Altitude • Inclination • Number of planes • Number of satellites per plane Each variable listed above was cycled through a sequence of values that provided sufficient evaluation of each variable's general impact on the overall results. Table 2 shows the range of each variable that was evaluated during this exercise. The high and low values of altitude were limited to 300 and 600 km respectively in order to maintain reasonable resolution with typical space-based imaging instruments. The number of planes and number of satellites per plane were limited to a maximum of 10 each so the constellation was limited to a size of 100 satellites or less.
The five constellation inclinations analyzed represented different classes of orbits or the inclination most easily achieved from specific launch locations; 0º represented the class of equatorial orbits, 28.6º represented the inclination achieved from Cape Canaveral, 37.8º represented the inclination achieved from Wallops Flight Facility, 90º represented a polar orbit, and 97º is roughly a sun-synchronous orbit for the altitudes selected. The general flow of the analysis tool is shown in Figure 1 . To begin, the interface between MATLAB and STK is established and the state of the seed satellite is set using the conditions specified by the altitude and inclination. Also, using the sensor Field of Regard (FOR), a target elevation angle is determined and set for each of the particular targets. After setting the state of the seed satellite and the target constraints, a Walker constellation is created with the specified number of planes and satellites per plane. The interaction of the Walker constellation with the ground targets is then compiled into a data report which is then analyzed for access statistics. This process was completed for each of the constellation geometries discussed previously. Based on the values shown in Table 2 , 3500 different scenarios were analyzed. 
C. Data Collection and Processing
The constellation created by each parameter variation outlined above, is propagated in the STK scenario, and access data is computed for each target. These data include the target access number, start and stop time of the access, and the total duration of the observation opportunity. Using this information, the data was imported back into MATLAB to compute and store the access statistics.
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The primary driver of determining a successful Walker constellation design is whether the constellation meets the required revisit time, as specified by the user. For this analysis, a revisit time of 30 minutes was selected.
D. Figure of Merit
A Figure 
The following weights were used: 
Parameter
A high FOM score indicated a superior constellation to one with a low FOM score. Thus, constellations with lower altitudes, fewer planes, and fewer spacecraft per plane would have high scores. As it is generally more cost effective to construct lower inclination constellations, inclinations less than 40º were given a higher weight.
III. Results
The MATLAB/STK automated program analyzed the coverage of the four theaters for various Walker Delta Patterns. For each of the 3500 scenarios described in Table 3 , STK generated a coverage report for each of the four targets. The coverage report detailed the number of satellite accesses and access durations over a ten-day period under any lighting condition. If the average revisit time for one of the theaters was less than the specified minimum of 30 minutes, the constellation was stored. That constellation was then automatically evaluated for each of the other three theaters and that data was stored, regardless of compliancy. In this fashion, the constellation's ability to respond to all theaters could be established based on its responsiveness to a single theater.
A. Constellations with Four Theater coverage
Seventy constellations met the revisit requirement of 30 minutes or less for all four theaters. The constellations spanned the altitude range, but were limited to certain inclinations. Ninety percent of the constellations had an inclination of 37.8º, while only 2.85% and 7.15% of the constellations were at inclinations of 90º and 97º respectively. This is logically intuitive, as the latitudes of the four targets ranged from 13ºN to 39ºN. As the sensor FOR was limited to 30º and the maximum altitude limited to 600 km, the constellations in 0º and 28º inclinations were unable to provide adequate coverage.
The number of compliant constellations and the total number of satellites in the constellation varied with altitude, as shown in Figure 2 and Figure 4 . As expected, when the altitude of the constellation increased, more compliant constellations were found. Increases in altitude also produced a drop in the total number of satellites comprising the constellation. Over the altitude range 300 to 450 km, the number of satellites required to cover the four theaters decreased in a linear fashion. After 450 km, the drop in the number of satellites decreased with each 5 increase in altitude. This suggests that there is some limit to the minimum number of satellites and further increases in altitude will no longer offer a decrease in the number of satellites in the constellation.
A FOM score was calculated for each of the compliant constellation to determine the optimal constellation for providing four-theater coverage with revisit times to all four theaters less than 30 minutes. The constellations with the highest FOM scores are presented in Table 3 . To meet the revisit requirements for all four theaters, at least 54 satellites are needed. This minimum number of satellites can be achieved with a 54/6/0 constellation or a 54/9/0 constellation. Both have the identical FOM scores and equal average revisit times. As the altitude of the constellation decreases to 550 km, at least two additional satellites are required. For certain sixty satellite scenarios, the average revisit time has dropped from 15.9 minutes to 15.6 minutes. As the number of satellites in the constellation increased, the FOM decreased indicating an inferior constellation. However, with the increase in spacecraft, in many scenarios, the average revisit time decreased. Figure 3 shows the average of the revisit times for all four theaters for constellations at 600 km altitude and a 37.8º inclination. As expected, the revisit time decreases as the number of planes and satellites increases. The constellation 100/10/0 at a 600 km altitude has an average revisit time for all four theaters of only 7.95 minutes. This is expected, as it was the constellation with the maximum number of satellites at the maximum altitude. Given either more satellites, or a higher altitude, or a larger FOR, continuous coverage can be achieved. An interesting note is that the 80/10/0 constellation did not meet the revisit requirement for all four targets. For the targets 1, 3, and 4, the average revisit time is 7.8 minutes, 5.6 minutes, and 8.6 minutes respectively. However, the average revisit time for target 2, the Darfur Region, is 38.6 minutes, and did not meet the requirement. In general, the revisit time to Target 2 is the limiting factor in the average revisit time of all four theaters for any constellation with a 37.8º inclination. This is 092407 6 due to the fact that targets 1, 3, and 4 have latitudes within 6º of each other, and the latitude of the Darfur Region (Target 2) is much different. As a secondary example, the average revisit times for targets 1, 3, and 4 for the constellation with the highest FOM score were 12.4 minutes, 9 minutes, and 13.5 minutes respectively, while the average revisit time for target 2 was more than double that of target 4 at 28.9 minutes. 
B. Constellations with Three Theater Coverage
There were 208 constellations that met the average revisit requirement for three of the four theaters. The compliant constellations spanned the range of altitudes, and were primarily at 37.8º inclinations. Similar to fourtheater coverage constellations, less than 10% of the compliant constellations had inclinations or 90º or 97º. There were no compliant constellations at 0º or 28.6º. The minimum number of satellites required to provide three-theater coverage decreased drastically from the number needed for four-theater coverage. As illustrated in Figure 4 , for many altitudes, the number of satellites required for three-theater coverage dropped by 50%.
Of the 208 constellations, only two met the revisit requirements for target 2; constellations 100/10/0 at a 90º inclination at altitudes of 550 km and 600 km. These constellations did not meet the requirement for target 3. All other compliant constellations met the revisit requirements for targets 1, 3, and 4. The six constellations with the highest FOM scores are presented in Table 4 . The minimum number of satellites for three-theater coverage was 27. Recall that at least 54 satellites were required to provide four-theater coverage and relaxing the requirement to three theaters instead of four decreased the constellation size by 50%. Also, by increasing the constellation size to 30 satellites, the altitude of the constellation can be decreased from 600 km to 500 km. 
C. Compliant Constellations for Relaxed Requirements
The total number of satellites in the constellation and the complexity of the constellation can be reduced if the requirements for a compliant constellation are relaxed. Given a 30-minute revisit requirement, the number of satellites in the constellation can be reduced by 50% if only targets 1, 3 and 4 need to meet the revisit requirement, as shown in Figure 4 . Figure 5 and Figure 6 show the geometry of the constellations with the highest FOM for three and four-theater coverage.
The minimum total number of spacecraft required for two, three, and four theater coverage also decreases if the average revisit requirement for all four targets is relaxed. For each constellation that met the 30-minute revisit requirement for at least one target, any of the noncompliant targets were analyzed for various revisit times greater than 30 minutes to check for new compliancy. As the required revisit time increased, the number of constellations that could provide two, three, and fourtheater coverage increased. Consequently, the minimum number of satellites necessary in the constellations also decreased.
As shown in Figure 7 , for a revisit requirement of 30 minutes, at least 54 spacecraft are required to provide four-theater coverage. However, for a revisit requirement of 40 minutes, only 40 spacecraft are required. The constellation 40/4/0 at a 600 km altitude and a 37.8º inclination had average revisit times of 17.0 minutes, 39.3 minutes, 12.5 minutes, and 18.8 minutes for targets 1-4 respectively. For three-theater coverage and a 40-minute revisit time, the constellation 20/5/0 at a 600 km altitude and a 37.8º inclination had average revisit times of 35.1 minutes, 26.4 minutes, and 38.9 minutes for targets 1, 3, and 4 respectively. The revisit time for target 2 was 81.5 minutes. In general, for most three-theater compliant constellations, target 2 was the non-compliant target and typically had revisit times approximately double that of the revisit times for targets 1, 3, and 4. This is expected, as the latitude of target 2 is less than half of the latitudes of the other three targets.
Another important feature to note is the reduction in spacecraft necessary to provide three-theater coverage compared to four-theater coverage. For each revisit time, the number of satellites drops by approximately 50% when going from four-theater coverage to three-theater coverage. Very little benefit is gained from decreasing the requirement from three-theater to two-theater coverage. 
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D. Weighting Sensitivity Analysis
The weighting factors were varied to determine their sensitivity on the Figure of Merit Score. The weighting factors for altitude, number of planes, and number of satellites per plane were varied to determine the effect on the FOM. Since 90% of the constellations had inclinations of 37.8º and the constellations with higher inclinations had extremely large number of spacecraft at high altitudes, the weighting factors for inclination were held constant. Some weighting variation results are presented in Table 5 . The highlighted rows indicate the nominal weighting factors used. The Max FOM column indicated the constellation with the highest FOM score based on the given weightings. In general, the FOM scores favored constellations with the fewest number of spacecraft, although if the altitude weight is increased to 1800, the constellation with the highest FOM score for three-theater coverage has 30 spacecraft, rather than the minimum number of 27. For constellation implementation purposes, if specific launch geometry is desired, the weights can be adjusted accordingly. For example, if it advantageous to have more orbital planes with fewer satellites per plane, the weighting factors can be adjusted to determine the optimal solution. As demonstrated, the minimum number of spacecraft required to provide four-theater coverage is 54. However, there are two constellations that can meet this requirement: a 54/9/0 constellation or a 54/6/0 constellation. Mission operations, launch costs, and constellation implementation costs will dictate which constellation proves to be superior.
In general, FOM scores were not sensitive to the altitude weight. Changes in the weights of the number of planes or the number of satellites per plane changed the geometry of the constellation (54/9/0 vs. 54/6/0), but not the total number of spacecraft in the constellation. For three-and four-theater coverage of the targets selected, the constellations with the minimum total number of satellites corresponded either to the minimum number of satellites per plane or the minimum number of orbital planes based on all compliant solutions. Therefore, in order to have any effect on number of satellites in the constellation, and not simply the geometry, the altitude weighting must be changed, or the weighting factors for the number of planes and the number of satellites per plane must be changed drastically such that the altitude weighting factor outweighs the others. 
E. Conclusions
An STK/MATAB interface successfully automated the scenario propagation and analysis of Walker Constellations for various targets on Earth. Constellation orbital parameters and geometries were varied to determine the constellations that provide the best coverage for the four theaters. It was shown that for the theaters selected, the limiting factor in coverage was the latitude of the target. As was expected, when the altitude of the constellation increased, the total number of satellites required to provide coverage decreased. As revisit requirements were relaxed, the total number of satellites in the constellation also decreased.
In order to meet the user-specified average revisit time for all four theaters of interest, at least 54 satellites are required. The Walker constellation formations of 54/6/0 or 54/9/0 specify the geometry to meet the 30 minute average revisit requirement. By relaxing the requirement of 30 minute average revisit time in all of the four theaters to only needing three theater compliance the number of satellites drops drastically to only 27 in Walker formation of 27/9/0 and 27/3/0.
With the orbital dynamics understood and an automated tool created that can help with rapid analysis, the next step is to understand the spacecraft design and launch scenario portion of the problem. Since both spacecraft and launch vehicles naturally occur in fixed discrete values. For example, it was found to meet the revisit requirements for all four theaters, at least 54 satellites are needed. However, this minimum number of satellites can be achieved with a 54/6/0 constellation or a 54/9/0 constellation. Thus to distinguish between these two as to which is better, an analysis of the size of the spacecraft and how they could be launched to the orbital geometries is needed. Similar scenarios exist for other variations of the coverage requirements where more than one orbital geometry solution exists and so only a spacecraft design and launch scenario analysis can help distinguish between the two. Also the spacecraft design and launch scenario analysis may cause the FOM to be revisited as the challenges with the different orbital parameters are better understood.
F. Future Work
This work has determined the optimal constellations providing two-, three-and four-theater coverage based on Figure of Merit that placed a strong emphasis on the minimizing the total number of satellites in the constellation. As previously shown, the weights in the FOM can be adjusted to consider the number of planes and the number of satellites per plane. A more detailed launch and constellation implementation analysis is necessary to determine more sophisticated weighting factors. Based on launch vehicle capacity and capability, satellite phasing costs and constellation establishment costs, the constellation with the minimum number of satellites may not represent the optimal solution from a cost perspective. However, to determine the best weighting factors, the performance and physical parameters of the spacecraft must also be known in order to adequately determine the cost of launch and constellation implementation. Future work will involve developing a preliminary spacecraft design and completing a more detailed analysis equation and weighting factors for the FOM so as to determine the optimal configuration.
The current work was completed in the context of an Earth Observing Mission. However, the technique of automating an STK/MATLAB interface can be used for other types of missions, such as communication missions. Only Walker Constellations were analyzed in this research. Future work can also study alternate constellation geometries. 
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